We present a semi-analytic, physically motivated model for dark matter halo concentration as a function of halo mass and redshift. The semi-analytic model is intimately based on hierarchical structure formation. It uses an analytic model for the halo mass accretion history, based on extended Press Schechter (EPS) theory, and an empirical relation between concentration and an appropriate definition of formation time obtained through fits to the results of numerical simulations. The resulting concentration-mass relations are tested against the simulations and do not exhibit an upturn at high masses or high redshifts as claimed by recent works. Because our semi-analytic model is based on EPS theory, it can be applied to wide ranges in mass, redshift and cosmology. We predict a change of slope in the z = 0 concentration-mass relation at a mass scale of 10 11 M ⊙ , that is caused by the varying power in the density perturbations. We provide best-fitting expressions of the c − M relations as well as numerical routines †. We investigate how halo mass accretion histories affect the evolution of concentrations, finding that the decrease in the accretion rate during the dark energy epoch, produced by the accelerated expansion of the Universe, allows dark matter halos to virialize, relax and contract, and thus concentrations to grow. We also analyzed how the concentration-mass relation predicted by this work affects the power produced by dark matter annihilation.
INTRODUCTION
Over the past few years large cosmological simulations have been performed to determine the properties of dark matter halos, including density profiles, shapes and accretion histories (see e.g. Bryan et al. 2013; Klypin et al. 2011; Springel 2005) . These properties are of particular interest, as forming galaxies depend on the structural properties of the halos in which they are embedded.
During hierarchical growth, halos acquire a density profile with a near universal shape, that can be described by a simple formula known as the 'NFW profile' (Navarro et al. 1997, hereafter NFW) . The NFW density profile is described by just two parameters, halo mass, M , and concentration, c. A halo's concentration is defined as the ratio of the virial radius, Rvir, and the scale radius, r−2, which is defined as the radius where the logarithmic density slope is −2. Thus, given the NFW profile, only a relation between concentra-⋆ E-mail: correac@student.unimelb.edu.au † Available at http://www.ph.unimelb.edu.au/∼correac/ tion and halo mass (hereafter, the c − M relation) is needed to fully specify halo structure at fixed mass. Therefore, numerous studies have been undertaken to improve the c − M calibration.
Despite its importance, there is still no solid agreement on the dependence of halo concentration on halo mass and redshift. A small change in the adopted cosmology can have important effects on the structure of dark matter halos (Macciò et al. 2008) , and on their mass accretion histories (Zhao et al. 2009 ). For example, the mean concentrations of dwarf-scale dark matter halos change by a factor of 1.5 between the various Wilkinson Microwave Anisotropy Probe (WMAP) cosmologies (Spergel et al. 2003 (Spergel et al. , 2007 . The Planck cosmology (Planck Collaboration et al. 2013 ) has higher matter density, Ωm, and higher power spectrum normalization, σ8, compared to the cosmological parameters of the year 5 data release of WMAP (WMAP5; Komatsu et al. 2009 ). The Planck cosmology therefore suggests that halos assemble earlier and are more concentrated (c.f. c − M relations from Macciò 2014 and Duffy et al. 2008 ).
However, cosmology may not be the primary reason for the differences in the concentration−mass relations found by various authors. Recent works that adopt the same cosmology still find different c − M relations (compare for example Dutton & Macciò 2014 and Diemer & Kravtsov 2014 , or Klypin et al. 2011 and Prada et al. 2012 . Dutton & Macciò (2014) , found that the c − M relation is well described by a power-law, but flattens at high redshift and exhibits a positive slope at z > 4. In contrast, Diemer & Kravtsov (2014) did not find a flattening of the power-law, but rather a strong upturn in the high-mass end of the c − M relation at all redshifts. The disparity between these studies could be due to the dynamical state of the selected dark matter halos. For example, Ludlow et al. (2012) showed that massive halos that are substantially out of equilibrium are more likely to be found at a transient stage of high concentration, thus explaining the puzzling upturn in the high-mass end of the c − M relation. Indeed, they reported that the upturn disappears when only dynamically-relaxed systems are considered. However, Klypin et al. (2014) argued that the virial criterion used by Ludlow et al. (2012) to select relaxed systems is incorrect, as it needs to include effects of the surface pressure and external forces. Klypin et al. (2014) modified the virial criterion and ended up selecting massive halos that had previously been considered as unrelaxed. As a result, Klypin et al. (2014) obtained an upturn in the c − M relation of their relaxed halo sample and concluded that the upturn is a real feature of the c−M relation. They explained that as extremely massive halos have more radial infall velocities, infalling mass penetrates deeper within the inner halo, thus increasing the concentration and producing the upturn.
The main goal of this work is to derive a physically motivated model for the c − M relation based on the dark matter halo accretion history. By relating the concentration to the halo accretion history, we find that the c − M relation does not show any upturn or strong flattening. We then study the c − M relation in detail using simulations and selecting relaxed halos without using the virial criterion, and investigate whether recently accreted particles are able to reach the inner parts of the halo and thus increase the concentration. We conclude that the upturn and flattening would be anti-hierarchical, and must therefore result from numerical artifacts.
Our c − M model relies on the fact that concentrations depend on the evolutionary stage of halos when they were formed. Several works have suggested that halo formation can be described as an 'inside out' process, where a bound core (of a certain fraction of the halo mass today) collapses, followed by the gradual addition of material at the cosmological accretion rate (Manrique et al. 2003; Wang & White 2009; Dalal et al. 2010; Salvador-Solé et al. 2012) . In this framework, the halo concentration should depend on the epoch at which a certain fraction of the halo mass was assembled. As a result, various authors (Bullock et al. 2001; Wechsler et al. 2002; Zhao et al. 2003; Ludlow et al. 2014) have provided models that relate c to the halo mass history. For instance, Zhao et al. (2003) showed that when the mass accretion rate of a halo slows down at low redshift, its scale radius, r−2, remains approximately constant, and hence that concentration scales with the virial radius. On the other hand, in the regime of a high mass accretion rate (at high redshift), the scale radius scales approximately as the virial radius and thus c remains constant.
The connection between a halo's mass accretion history (hereafter, MAH) and its concentration, c, is therefore obtained through its 'formation' time. The halo formation (or assembly) time is traditionally defined as the point in time when the halo mass reached a fraction of the total mass today. Low-mass halos typically assemble earlier, when the Universe was denser, than high-mass halos do. As a result, low-mass halos are more concentrated. Clearly, if concentration correlates with formation time, and formation time depends on the mass variance, σ (because σ describes the halo MAH, see the analytic model for the MAH from Correa et al. 2014) , then it is expected that c correlates with σ and hence with the peak height, ν, defined as ν = 1.686/σ. This is indeed what several works have found (e.g. Zhao et al. 2009; Prada et al. 2012; Ludlow et al. 2014; Dutton & Macciò 2014) . We showed in Correa et al. (2015) that the physical origin of the c − σ (or c − ν) relation is the halo MAH.
Recently, in Correa et al. (2014) and Correa et al. (2015) (hereafter Paper I and Paper II, respectively), we provided two models for the MAH of halos, an analytic model and a semi-analytic model. The semi-analytic model uses a functional form for the MAH, that is motivated by extended Press-Schechter (EPS) theory, and links the MAH to halo structure through two empirical relations obtained from simulations. The analytic model is fully derived from the EPS formalism and thus does not require calibration against any simulation data.
In the analytic model, the halo MAH is described in terms of the rms of the density perturbation field,
where M0 refers to the present halo mass, a depends on cosmology, and f (M0) ∼ 1/σ(M0). This expression illustrates that as σ decreases with halo mass, the function f (M0) increases, causing the exponential in M (z) to dominate. As a result, highmass halos accrete faster than low-mass ones, due to their low value of σ. As low σ implies large peak height, the EPS formalism predicts that density perturbations with large ν experience an accelerated collapse phase relative to the average, and grow faster in time.
In this work we present a semi-analytic, physically motivated model for dark matter halo concentration as a function of halo mass, redshift and cosmology. The semi-analytic model uses the analytic model for the halo MAH provided in Paper I, as well as an extension of the empirical relation between concentration and formation time obtained through fits to simulations provided in Paper II. As a result, the semi-analytic model for halo concentrations shows how the c−M relation is expected to evolve based on the hierarchical growth of halos. This paper is organized as follows. We begin in Section 2 with a description of the set of cosmological simulations used in this work. In Section 3, we describe the analytic MAH model provided in Paper I and extend it to high redshift. In Section 4, we define halo formation time and build an empirical relation between formation time and concentration through fits to simulation data. Next, we describe the semi-analytic model for halo concentrations that combines the analytic model for the MAH and the empirical relation described previously. We analyse the evolution of concentra-tion that predicts the semi-analytic model in Section 5. In Section 6 we discuss the impact of the results of our semianalytic model for halo concentration on the signal from dark matter annihilation. In Section 7 we discuss the main assumptions the semi-analytic model relies on. Finally, we summarize and conclude in Section 8.
SIMULATIONS
Throughout this work we compare our analytic results to the output from numerical simulations. We use a set of cosmological dark matter only (DMONLY) simulations from the OWLS project . These simulations were run with a significantly extended version of the N-Body Tree-PM, SPH code gadget3 (last described in Springel 2005) . The initial conditions were generated with CMB-FAST (version 4.1; Seljak & Zaldarriaga 1996) and evolved to redshift z = 127, where the simulations were started, using the Zel'dovich (1970) approximation from an initial glass-like state (White 1996) . In order to assess the numerical convergence, we use simulations of different box sizes (ranging from 25 h −1 Mpc to 400 h −1 Mpc) and particle numbers (ranging from 128 3 to 512 3 ). The simulation names contain strings of the form LxxxNyyy, where xxx is the simulation box size in comoving h −1 Mpc and yyy is the cube root of the number of particles. Our DMONLY simulations assume the WMAP5 cosmology. However, to investigate the dependence on the adopted cosmology, we use an extra set of five dark matter only simulations (100 h −1 Mpc box size and 512 3 dark matter particles) which assume values for the cosmological parameters derived from different releases of the WMAP and the Planck missions. See the tables in Appendix 2 for the sets of cosmological parameters adopted in the different simulations, as well as the main numerical parameters of the runs such as comoving box size, number of dark matter particles, dark matter particle mass, comoving gravitational softening and maximum physical softening.
HALO MASS ACCRETION HISTORY
We begin this section by briefly reviewing the analytic model for the MAH derived from the EPS formalism in Paper I, and showing how the MAH depends on cosmology and on the initial peak of the primordial density field. In Section 3.2 we extend it to estimate the halo MAH tracked from an arbitrary redshift. Readers only interested in the concentration−mass relation model can skip directly to Section 4.
Analytic model for the halo mass history
In Paper I, we used simple analytic arguments based on the EPS formalism and the analytic formulation of Neistein et al. (2006) , to show that the 'shape' of the MAH is determined by the growth factor of the initial density pertubations. The halo MAH is well described by an exponential in the high-redshift regime, but it slows to a power law at low redshift, because the growth of density perturbations is halted in the dark energy dominated era due to the accelerated expansion of the Universe. Therefore, we showed that the expression (3), (5)- (6), and by assuming various cosmologies as indicated in the legend. The grey lines correspond to MAH obtained from DMONLY simulations that assume the Planck and WMAP5 cosmologies. In the top right corner, we plot σ versus halo mass, to show that the change in σ under different cosmologies drives the change in the MAH.
accurately captures the median halo MAH, where M0 refers to halo mass today, and α and β are parameters that depend on M0, cosmology and the linear power spectrum. In the case of an Einstein de Sitter (EdS) cosmology (ΩΛ = 0 and Ωm = 1) or an open universe (ΩΛ = 0 and Ωm < 1), there is no acceleration in the expansion of the Universe at low redshift. Then the halo mass history is simply described by an exponential as M (z) EdS = M0e βz , where β = −1.686(2/π) 1/2 f (M0). In the case of a ΛCDM cosmology, the parameters α and β are given by
where D is the linear growth factor, and f (M0) is defined as
The quantity q is a free parameter which can be determined by adding an extra equation that restricts the halo MAH. We do this by defining the halo formation redshift, z f , as the redshift for which M (z f ) = M0/q. We find
+1.8837.
σ, in eq. 4, is the rms of the linear density perturbation field, defined as with P (k) the linear power spectrum,Ŵ (k; R) is the Fourier transform of a top hat window function and R defines σ in a sphere of mass M = (4π/3)ρm,0R 3 , where ρm,0 is the mean background density today. We use the approximation of Eisenstein & Hu (1998) to compute P (k), normalized such that σ(8h −1 Mpc) = σ8. As a result, f (M0) depends on the power spectrum and halo mass. The above equations introduce an analytic halo MAH model directly derived from EPS theory that does not require calibration against any simulation data (see Paper I for more details). Note that our analytic model can be extended to any halo masses and redshifts and the q − M0 and z f − M0 relations still hold. The numerical vaues given in eqs. (5) and (6) were determined by assuming the WMAP5 cosmology (Ωm = 0.258, ΩΛ = 0.742, h = 0.72, ns = 0.963, σ8 = 0.796).
We find that the above model (given by eqs. 1, 2, 3, 4, 5, 6) can be used to calculate halo mass histories in cosmologies other than WMAP5, and that the differences are mainly driven by the changes in σ8 and Ωm. We show this in Fig. 1 , where the halo MAH of a 10 12 M⊙ halo (coloured lines) was estimated for the various cosmologies, as indicated in the legend. In the top right corner of Fig. 1 , we plot σ versus halo mass, to show how the change in σ drives the change in the MAH. The exception is the Planck cosmology, which has a relatively low σ8 but a large Ωm = 0.317, which raises M (z) close to the WMAP1 M (z).
The overplotted grey lines in Fig. 1 correspond to the MAH obtained from DMONLY simulations that assume the Planck and WMAP5 cosmologies. In this case, we compute the MAH of the main subhalo (that is not embedded inside a larger halo) of Friends-of-Friends (FoF) groups (Davis et al. 1985) , by tracking the virial mass of the main progenitor at each prior output redshift. Halo virial masses and radii were determined using a spherical overdensity routine within the SUBFIND algorithm (Springel et al. 2001 ) centred on the main subhalo of FoF halos. Throughout this work we define the halo mass as the total mass within the radius r200 for which the mean internal density is 200 times the critical density. A more detailed description of the method used to create merger trees and resolution criteria can be found in Appendix A1 and Paper II.
Analytic model for the MAH: high redshift prediction
The model reviewed in the previous section is suitable for estimating halo MAHs that are tracked from z = 0. In this section we extend this analytic model to estimate MAHs of halos of the same halo mass that are tracked from arbitrary redshifts zi. This is shown in Fig. 2 , where the MAHs of 10 11 M⊙ halos are obtained from DMONLY simulations (coloured curves). The curves show the mean MAH of halos of the same mass (10 11 M⊙ in this case) that begin at zi = 0 (blue curve), 1 (dark green curve), 2 (green curve), 3 (orange curve) and 4 (red curve). High-redshift MAHs are dominated by large accretion rates and characterized by a pure exponential.
We generalize the analytic model so that it describes the MAHs from any zi redshift. Expression (1) can be rewritten as
whereM (z, zi) denotes the MAH of a halo with mass M (zi) at redshift zi. In the above expression, z > zi and the parametersα andβ depend on M (zi) and redshift zi:
It can be seen that at large zi,α → 0 due to D(zi) ∝ 1.686(2/π) 1/2 /(1+zi) for zi ≫ 1, indicating that the MAH is mainly described by an exponential. The function f (M (zi)) remains the same, but it is now evaluated at M0 = M (zi). (Klypin et al. 2011 ) and extended them below the numerical resolution limit using EPS merger trees. Once they had obtained the MAH curves for a large range of redshifts and halo masses, they made use of a semi-analytic model to transform the (average or median) mass accretion histories, based on the Bolshoi cosmology, to other cosmologies. Using their publicly available code, we calculate the mass history curves for the WMAP5 cosmology for comparison with our results. We find that there is some discrepancy at high-redshift for all the curves. The van den Bosch et al. (2014) MAH model seems to over predict the halo mass at z > 5, most likely as a consequence of the different halo definitions, and subtle differences in the definition of the main progenitor (van den Bosch, private communication). Overall, there is very good agreement between the most recent accretion history study in the literature and our model, as well as with the simulation outputs. In Section 4 we will make use of our analytic MAH model to calculate concentrations.
Using the extended MAH model for high redshift, we can calculate the accretion rate of a halo at redshift z. We differentiate eq. (8) with respect to time and replace dz/dt by −H0[Ωm(1 + z)
whereα andβ are given by eqs. (9) and (10), respectively. Note that the above formula will give the accretion rate at redshift z of a halo that has mass M (zi) at redshift zi, and massM (z, M (zi), zi) at redshift z.
CONCENTRATION− MASS RELATION
A theoretical understanding of the physical connection between concentration (the parameter that characterizes the internal structure of NFW dark matter halos) and the initial conditions of the density field, is essential for the physical interpretation of relations like c − ν (concentration−peak height) or c − M , that have been calibrated using cosmological simulations (e.g. Bullock et al. 2001; Neto et al. 2007; Gao et al. 2005; Macciò et al. 2007; Duffy et al. 2008; Ludlow et al. 2013; Dutton & Macciò 2014; Diemer & Kravtsov 2014) . It has previously been shown that concentration is determined by the halo MAH (Wechsler et al. 2002; Zhao et al. 2003; Ludlow et al. 2013 Ludlow et al. , 2014 , and that the MAH depends on the power spectrum and the adopted cosmological parameters. In this section we show, through analytic and numerical modelling, how the concentration of dark matter halos depends on cosmology and the power spectrum of density perturbations. Our results imply that the halo MAH is the physical link between concentration and peak height.
Formation redshift
As discussed in the Introduction, halo MAHs can be used to estimate halo concentrations. Halo concentrations reflect the mean density of the Universe at the formation redshift (Navarro et al. 1997; Wechsler et al. 2002; Zhao et al. 2003 Zhao et al. , 2009 Ludlow et al. 2013) . Therefore, the essential link between a halo's MAH and its internal structure is the formation redshift. For a halo with mass M (zi) at redshift zi, we define the formation redshift to be z−2, the redshift at which the mass of the main progenitor equals the mass enclosed within the scale radius at z = zi, (Ludlow et al. 2013) . HereM (z−2, M (zi), zi) is the mass at z−2 of a halo with mass M (zi) at zi, and we denote the mass enclosed within r, M (< r), as Mr. For an NFW profile the internal mass Mr(r−2, zi) is related to the total halo mass as
where
is the concentration at zi, and M (zi) is the total halo mass at zi. In cases where we identify halos at zi = 0 and track their mass histories, we calculate z−2 by setting M (z−2) equal to the mass enclosed within r−2 today. In cases where we identify halos at zi > 0, we first calculate r−2 and Mr(r−2, zi) at the particular redshift zi, and then find z−2 by tracking the MAH (for z > zi) and equatingM (z−2, M (zi), zi) to Mr(r−2, zi).
See Table 1 for a summary of the nomenclature. Ludlow et al. (2013 Ludlow et al. ( , 2014 and Paper II showed that z−2 correlates strongly with c, and in Paper II we demonstrated that the scatter in z−2 and in the halo MAH predicts the scatter in c. In this section we explore how the formation time − concentration relation varies for halos identified at various redshifts.
We computed density profiles and MAHs for halos identified at redshifts zi = 0, 1, 2, 3 and 4. The density profiles were computed by fitting the NFW density profile,
for each individual halo. In the above equation
is the critical density of the universe, δc is a dimensionless parameter related to the 
Notation
Definition
mass at z of a halo with mass
Formation redshift, when equating
Critical density today
Critical density at z i concentration c = r200/r−2 by δc = and r200 is the virial radius.
We begin by fitting NFW profiles to all halos at zi that contain at least 10 4 dark matter particles within the virial radius. Throughout this work we define the virial radius as r200, the radius for which the mean internal density is 200 times the critical density. Then, for each halo, all particles in the range −1.25 log 10 (r/r200) 0 are binned radially in equally spaced logarithmic bins of size ∆ log 10 r = −0.078. The density profile is then fitted to these bins by performing a least square minimization of the difference between the logarithmic densities of the model and the data, assuming equal weighting. The corresponding mean enclosed mass, Mr(r−2, zi), and mean inner density at r−2, ρ (< r−2, zi), are found by interpolating along the cumulative mass and density profiles from r = 0 to r−2 = r200/c, where c is the concentration from the fit of the NFW halo. Then we generate merger trees for these halos and by interpolation we determine the redshift z−2 at whichM (z−2, zi) = Mr(r−2, zi).
In order to obtain robust estimates and to test whether the c − M relation includes an upturn in the median concentrations of massive halos (Prada et al. 2012; Dutton & Macciò 2014; Diemer & Kravtsov 2014) , we only consider 'relaxed' halos. Following Neto et al. (2007) and Duffy et al. (2008) , we define relaxed halos as those halos for which the separation between the most bound particle and the centre of mass of the Friends-of-Friends halos is smaller than 0.07Rvir, where Rvir is the radius within which the mean density is ∆, as given by Bryan & Norman 1998 , times the critical density. Our relaxed sample contains 2425 halos at z = 0, 726 halos at z = 1, 226 halos at z = 2 and 78 and 20 halos at z = 3 and z = 4, respectively.
The left panel of Fig. 3 shows the mean density within the NFW scale radius, r−2, at redshift zi,
as a function of the critical density of the Universe at z−2,
where ρcrit,0 = 3H 2 (z = 0)/8πG. Note that densities along both the x− and y−axes are expressed in units of the critical density at zi. Each dot in the panel corresponds to an individual relaxed halo identified at zi and coloured by mass according to the colour bar at the top of the plot. The star symbols show the median value of the sample in logarithmic mass bins of width δ log 10 M = 0.4 and are coloured by zi as indicated in the legend 1 . At each redshift zi, the ρcrit(z−2) − ρ (< r−2, zi) correlation clearly shows that halos which collapsed earlier have denser cores.
We perform a least-square minimization of the quantity
, where j goes from 1 to the number of dark matter halos, N, at zi and F (ρcrit,j(z−2), A) = A × ρcrit,j(z−2), to obtain the constant of proportionality, A. The solid line corresponds to the bestfit to the ρcrit(z−2) − ρ (< r−2, zi) relation, and we find (in agreement with Ludlow et al. 2014 ) that the average relation
is maintained through time with A = 887 ± 36, where the 1σ error was obtained from the least squares fit. Using eqs. (15) and (16) we can rewrite this relation as
The right panel of Fig. 3 shows the c − z−2 relation (solid lines) given by eq. (18) for various zi. The star symbols correspond to the median values of the sample in logarithmic mass bins of width δ log 10 M = 0.4. The grey areas show the scatter in z−2.
1 Note that it is possible for individual halos to appear multiple times in Fig. 3 (left panel). For example a 10 13 M ⊙ halo at z = 0, has a total mass of ∼ 10 12.2 M ⊙ at z = 2, therefore the halo will be included in the ρ crit (z −2 ) − ρ (< r −2 , z i ) relation at z i = 0 but also at z i = 2.
Semi-analytic model for halo concentration
In this section we describe the semi-analytic model for halo concentration as a function of halo mass and redshift. This model combines the analytic model for the halo MAH given by eqs. (8-10) and the empirical relation between z−2 and c given by eq. (18). We begin by calculatingM (z−2, M (zi), zi) from eq. (8), and use the equalitỹ
which follows from eqs. (12) and (13) and is valid under the assumption that the halo density profile follows the NFW profile, to obtain
whereα andβ are given by eqs. (9) and (10), respectively. Next, we combine eqs. (18) and (20) to obtain the concentration, c[M (zi), zi], of a halo of total mass M (zi) at zi. We remind the reader that throughout this work the adopted halo mass definition is M200, and the concentrations are therefore defined as c = c200. Fig. 4 shows the concentration−mass relation at z = 0 (left panel), at z = 1 (middle panel), and at z = 2 (right panel). The dots in the panels correspond to individual relaxed halos identified in the simulations at zi = 0, 1 and 2, whereas the star symbols correspond to the median values in logarithmic mass bins of width δ log 10 M = 0.4. The solid line shows the c−M relation that results from the semianalytic model described above. We find excellent agreement between the median values from the simulations and the c − M relation predicted by the semi-analytic model at all redshifts.
So far we have adopted the WMAP5 cosmology. In Ap-pendix B we discuss the dependence of our concentrationmass relation model on cosmology and extend it to make it suitable for any values of the cosmological parameters.
Impact of relaxedness on the c − M relation
Several recent studies (Klypin et al. 2011; Prada et al. 2012; Dutton & Macciò 2014; Diemer & Kravtsov 2014) have found that the c − M relation flattens at high redshift and exhibits an 'upturn' at the high-mass end, meaning that the concentration increases with halo mass for the most massive halos. In this section we investigate whether this interesting behavior is seen in our semi-analytic model or in the simulation outputs. Our model does not predict an upturn. The model relates c to the MAH via the formation redshift, z−2 (see Fig.  3 , right panel), which decreases with halo mass, meaning that more massive halos are less concentrated because they formed more recently. If c were to increase with halo mass, then high-mass halos would have to form earlier than lowmass ones, at a point when the Universe was denser. This behavior is neither seen in our simulations (see Fig. 1 , coloured lines), nor predicted by EPS theory, as it is antihierarchical.
To investigate further, we use the simulation outputs to calculate concentrations by fitting NFW profiles to halos that are resolved with at least 10 4 particles within the virial radius, and for which the convergence radius 2 (Power et al. 2003 ) is smaller than the minimum fit radius of 0.05 times the virial radius. In addition, we consider two halo samples. A relaxed halo sample 3 and a full halo sample. When considering only relaxed halos, as we have done so far, we find that we restrict our halo sample to around 40% of the total in the redshift range z = 0 − 4. Fig. 5 shows the concentration-mass relation (at various z) of the relaxed sample (left panel) and the full sample (middle panel). These panels show the median value of the concentration (star symbols) in logarithmic mass bins of width δ log 10 M = 0.25 at z = 0 and 1, and δ log 10 M = 0.30, 0.40 and 0.50 at z = 2, 3 and 4, respectively. We increase the bin size with redshift so that each bin at a fixed mass contains on average approximately the same number of halos. For each bin the 1σ error bars were determined by bootstrap resampling the halos. Only bins containing at least 10 halos are shown. The dashed lines correspond to the best-fit power-laws to the star symbols. In addition, the left panel, shows the c − M relations predicted by the semianalytic model in the solid grey lines. The middle panel shows a strong flattening and upturn in the c − M relation at high z, in agreement with Muñoz-Cuartas et al. (2011) and Prada et al. (2012) . However, this upturn is not seen for the relaxed sample. Thus, we conclude that the previously seen upturn results from the inclusion of unrelaxed halos, in agreement with Ludlow et al. (2012) . We show the fraction of relaxed halos (with respect to the total sample) for each mass bin and redshift in the right panel of Fig. 5 . We find that the relaxed fraction tends to decrease towards high mass and redshift.
Our results suggest that the dynamical state of dark matter halos should be considered when analyzing the parameters that describe the halo internal structure, because the density profiles of unrelaxed halos are poorly captured by the NFW fitting formulae (e.g. Neto et al. 2007 ). Because halo concentrations are clearly affected by transient departures from equilibrium, we only consider relaxed halos in the remainder of this work.
Comparison with previous studies
In this section we compare the c − M relations of the most recent studies on dark matter halo concentrations, van den Bosch et al. (2014) (hereafter vdB14), Diemer & Kravtsov (2014) (hereafter DK14) and Dutton & Macciò (2014) (hereafter, DM14) , with the model presented in this work.
vdB14 used the c−M relation of Zhao et al. (2009) (obtained from fits of a full halo sample from numerical simulations) and adjusted the parameters by fitting it to the c − M relation of the full halo sample from the Bolshoi simulations. vdB14 assumed the Bolshoi cosmology (consistent with WMAP7, Komatsu et al. 2011 ), but they made use of semi-analytic model to scale their model to any cosmology. We assume the Planck cosmology and use the publicly available code of vdB14 to calculate their c − M relation. DK14 obtained a concentration model given by a best-fit seven parameter function of peak height (ν) and slope of the linear power spectrum. They considered their full halo sample and extended their model to make it suitable for any cosmology. Finally, DM14 followed the evolution of the concentration of relaxed dark matter halos from a series of N -body simulations that assumed the Planck cosmology. DM14 fitted a power-law to the c − M relation and restricted their analysis to relaxed halos only.
The left panel of Fig. 6 shows a comparison of our c−M model (solid lines) to the model of vdB14. To compare with vdB14, we predicted the concentrations using the analytic expression for the MAH assuming the Planck cosmology (shown in Fig. 1 ) and a z−2 − c relation with a constant of proportionality of 850 instead of the value 887 used for the WMAP5 cosmology (see Appendix B for a discussion of the cosmology dependence of our model). We find broad agreement with the relation of vdB14 only at z = 1 and 2. In their work, van den Bosch et al. The middle-panel of Fig. 6 shows the DK14 c − M relation calculated assuming the Planck cosmology. As they included their entire sample of halos for their c − ν relations, they obtained an upturn at the high-mass end at all redshifts. We find that our model predicts concentrations that are a factor of 1.2 larger just before the high-mass upturn. Finally, the right-panel of Fig. 6 shows reasonable agreement between our model and the Dutton & Macciò (2014) c − M relation for z = 0, 1, 2 and 3 althought the results diverge at low masses. In their work, DM14 fitted a power-law, c ∝ M α , to the c − M relation at all redshifts, and found that the slope, α, increases from −0.1 at z = 0, to 0.03 at z = 5. As they restricted their halo sample to relaxed halos, they did not obtain a significant upturn at the high-mass end of the c − M relation. Fig. 6 shows that the physically motivated model presented in this work yields c − M relations that are generally in agreement with previous results. However, the important improvement with respect to previous works is that we are presenting a physical analytic model that can then be extrapolated to very low-masses, and is suitable for any cosmology.
Extrapolation to low halo masses and high redshifts
Because our semi-analytic model for halo concentration is physical, rather than a purely empirical fit to the simulation results, we can use it to extrapolate beyond the mass and redshift ranges spanned by our simulations, assuming that the z−2 − c relation given by eq. (18) holds. the high-and low-mass regimes. There is a clear 'break' in the z = 0 c − M relation. For M > 10 12 M⊙ concentration scales as c ∝ M −0.083 , whereas at M < 10 9 M⊙ it scales as c ∝ M −0.036 . The change of slope around these halo masses is substantial up to z = 3 − 4. However, at z > 4 there is no 'break' in the c-M relation. In section 5 we provide a tentative explanation for the physical origin of the break in the c − M relation.
We provide fitting functions for the c − M relation in the high-z and low-z regimes. The following expression is suitable for the low-redshift regime (z 4) and at all halo masses, In the high-redshift regime the c − M relation can be fit using only two parameters. The following expression is suitable for z > 4 and at all halo masses, log 10 c = α + β log 10 (M/ M⊙), The above fitting functions have been calculated assuming the WMAP5 cosmology. Appendix B provides a series of best-fitting relations for the Planck cosmology, as well as a short discussion of the cosmology dependence of the c − M relation presented in this work. In addition, Appendix C provides a description of a simple code (available for download in IDL and Python) that computes concentrations, MAHs and accretion rates as a function of redshift for any cosmology.
The c − M model presented in this work predicts a concentration of c = 3 for microhalos of 10 −7 M⊙ at z = 31, in agreement with simulations of microhalo formation from Anderhalden & Diemand (2013) and Ishiyama (2014) . In their work, Anderhalden & Diemand (2013) compared the empirical c − M relations from Bullock et al. (2001) and Macciò et al. (2008) to their simulation outputs, and concluded that extrapolating simple power-law approximations to typical microhalo scales results in an overestimation of c by up to a factor of 10 at low z. We also find large differences between extrapolations of the high-mass power-law fits to low-masses and the predictions of our physical model, as can be seen by comparing the dashed and solid lines in 
EVOLUTION OF THE CONCENTRATION
In this section we use our semi-analytic model to investigate the evolution of concentration and the effects that determine the slope of the c−M relation. The top panel of Fig. 8 shows the evolution of the concentration of halos that have masses of M0 = 10 6 , 10 8 , 10 10 , 10 12 and 10 14 M⊙ at z = 0. The bottom panel shows the corresponding halo MAHs normalized to the final halo mass at z = 0 (M0). We computed c(z) and M (z) following the models described in Sections 4 and 3.1, respectively.
In Paper I we used extended Press-Schechter theory to show that the MAH of all halos can be described by the expression M (z) = M0(1 + z) α e βz , where the exponential is due to the fast growth at high z and the power-law due to the slow growth at low z. However, the parameters α and β depend on halo mass. As a result, MAHs of halos larger than 10 11 M⊙ are mainly characterized by an exponential growth, whereas lower-mass halos exhibit a MAH closer to a power-law, as can be seen in the bottom panel of Fig. 8 .
Comparing the coloured curves in the top and bottom panels of Fig. 8 , we see an interesting relation between the evolution of c and the corresponding MAH. The lower the mass growth rate, the faster the concentration growth rate. This can be understood as follows. In the high-redshift regime (z ≫ 1, matter dominated epoch), the halo MAH is mainly characterized by exponential growth. During this time, concentrations grow by a factor of 2 (from z = 8 to z = 2) for a M0 = 10 6 M⊙ halo, decreasing to a factor of 1.08 (from z = 8 to z = 2) for a M0 = 10 14 M⊙ halo. The high accretion rates of halos during the matter dominated epoch do not allow the gravitational bound core to contract. However, in the low-redshift regime, during the dark energy dominated epoch, the accretion rate of halos decreases rapidly due to the accelerated expansion of the Universe, and the halo mass growth ends up being characterized by a power-law. During this epoch, the drop in the accretion and merger rates allows dark matter halos to compress. During this process where the bound core is contracting, concentrations are increasing (behavior in agreement with Tasitsiomi et al. 2004; Zhao et al. 2003; Lu et al. 2006; Li et al. 2008 ; van den Bosch et al. 2014). The concentration of a M0 = 10 6 M⊙ halo ends up being a factor of 3 times larger than that of a M0 = 10 14 M⊙ halo. This is because a M0 = 10
6 M⊙ halo has a much lower specific accretion rate. In the case where halo mass history is only characterized by an exponential growth at all z, representing the situation of a universe with no dark energy but Ωm 1, we find that concentrations do not reach such large values at z = 0. We then conclude that the evolution of concentration is indirectly affected by the accelerated expansion of the Universe through the MAH.
Next, we analyse how the evolution of the concentration determines the change in slope of the c − M relation. Fig. 9 shows c−M relations at various redshifts (dashed lines), and the c − M evolution of halos with M0 = 10 6 , 10 8 , 10 10 , 10 12 and 10 14 M⊙ (solid lines). From this figure we see that the 'break' in the low-redshift c − M relation that occurs at M ∼ 10 11 M⊙ is produced by the change of the MAH from an exponential dominated to a power-law dominated growth rate. It is natural to ask why this occurs at ∼ 10 11 M⊙. The answer is given by the rms of the linear theory density perturbation field, σ, which determines the parameters α and β that describe the MAH (see eqs. 9-10). Fig. 10 shows that σ scales as σ ∝ M −0.063 at low mass (≪ 10 11 M⊙) and as σ ∝ M −0.21 at high mass (≫ 10 11 M⊙). The break in the z = 0 c − M relation is therefore produced by the varying power in the density perturbations.
IMPLICATIONS FOR THE DARK MATTER ANNIHILATION SIGNAL
Dark matter (DM) particles are predicted to self-annihilate into Standard Model particles, thus injecting energy into the surrounding medium (e.g. Furlanetto et al. 2006) . In this section we calculate the DM annihilation rate per unit volume produced by a smooth density field of DM (dominant before structure formation) and by cosmic structures (halos and microhalos). We separate DM into a smooth and structure component because the spatial distribution of mass is almost completely smooth at very early cosmic times. Later gravitational instability causes overdensities to grow, until micro DM halos form. We follow Cirelli et al. (2009) and Mack (2014) in this calculation, and obtain the DM energy density and mean power from DM annihilation, assuming the physical c − M relation from this work and from extrapolations of the fits to simulations from Duffy et al. (2008) . Below we briefly describe the calculation of the DM annihilation rate produced by cosmic structures.
Dark matter annihilation rate from cosmic structures
The DM annihilation rate per unit volume results from the sum of two parts, a structure contribution and a smooth contribution. The smooth contribution, dominant before structure formation, z 100, can be written as
Where mχ is the mass of the DM particle, σν the selfannihilation cross section, and ρDM,0 the smooth DM density today, ρDM,0 = ΩDMρcrit. The DM annihilation rate per unit volume due to halos, A, is given by
Here mχ is the mass of the dark matter particle and σv is the average annihilation cross section, which we assume to be 100 Gev and 10 −26 cm 3 /sec, respectively (e.g. Aprile et al. 2012) . For the halo mass function, dn dM (z, M ), we adopt the expression from Reed et al. (2007) . For ρ(r, M ) we use the NFW density profile. We use M200 as the halo mass definition.
Next, we calculate the effective DM density from structure formation, defined as
where ρDM,0 is the average DM density today, ρDM,0 = ΩDMρcrit,0, with ΩDMh 2 = 0.11. In this calculation we assume the WMAP5 cosmology in order to facilitate a comparison with models using the extrapolation of the Duffy et al. (2008) power-law fit to the c − M relation predicted by WMAP5 N -body simulations.
Similarly, we calculate the averaged volume power, per hydrogen nucleus, produced from DM annihilation events as
with nH(z) = Ω b ρcrit,0(1 − Yp)(1 + z) 3 /mH, 4 the number density of hydrogen. 
Implications
Several of the models that have been used to predict the DM annihilation signal (see e.g. Pieri et al. 2008; Lavalle et al. 2008; Pinzke et al. 2011 ) have extrapolated c − M relations, obtained from power-law fits to simulation results, to mass far below the resolution limit of the simulations. These power-law extrapolations assign huge concentrations to the smallest halos, thus increasing the DM annihilation power. In this section we explore how our physically motivated c − M relation, which flattens towards low-masses at low-redshift, affects the DM annihilation power when comparing it to the power calculated using an extrapolation of the Duffy et al. (2008) power-law c − M relation (the results are similar for other published power-law fits to the c − M relation from simulations).
The left panel of Fig. 11 shows a comparison between the concentration-mass relations at various redshifts (z = 0−10) from this work (in blue solid lines) and of Duffy et al. (2008) (in red dashed lines) . For z = 0 there is good agreement at the high-mass end between both relations. However, at z = 10 and at a mass-scale of 1 M⊙, the concentrations of Duffy et al. (2008) are a factor of 10 larger than the concentrations predicted by this work. For mass-scales of 10 −9 M⊙ the difference is a factor of 40. In the middle and right panels of Fig. 11 we investigate the effects of these different c − M relations, showing the DM annihilation power per hydrogen nucleus and the effective DM energy density, respectively, as a function of redshift. In the middle panel, the dashed line corresponds to the smooth DM component of the power whereas the dot-dashed lines correspond to the structure component. The solid line shows the sum of the two components (structure+smooth). In each case the red lines correspond to the power assuming the Duffy et al. (2008) c − M relation, whereas the blue lines correspond to the power assuming the c − M relation from this work. The change in c − M affects the normalization of the power as well as the redshift at which structures begin to dominate. Lower concentrations result in lower central densities. Since the annihilation rate per unit volume, A, scales as ρ 2 , it is clear that A should decrease accordingly. At z = 0, the DM annihilation power that assumes the c−M relation predicted by this work is 2 orders of magnitude lower than the power obtained by extrapolating the Duffy et al. (2008) c−M relation. In addition, the higher concentrations predicted by the Duffy et al. (2008) c−M relation imply that halos dominate the power over the smooth DM density component at higher redshifts. Adopting the c−M relation from this work results in the power from structures starting to dominate at z ≈ 50 rather than at z ≈ 85. This lower redshift of structure formation dominating over the smooth component could have important implications for searches of the 'Dark Ages' by radio telescopes (e.g. Pritchard & Loeb 2012) .
DISCUSSION
Dark matter halo concentrations have recently been the subject of extensive analysis due to the controversial reports of an upturn at the high-mass end of the relation (Prada et al. 2012; Muñoz-Cuartas et al. 2011; Diemer & Kravtsov 2014; Klypin et al. 2014) . However, the semi-analytic model for dark matter halo concentrations presented in this work does not predict such an upturn. In this section we review the main assumptions that the model relies on and discuss the plausibility of the existence of the upturn. First, the model assumes that the halo density profile is described by the NFW profile at all times. Although it is known that the Einasto (Einasto 1965) profile is more accurate than the NFW profile , it has an extra 'shape' parameter that complicates the fitting procedure and affects the concentration. Also, the residuals from Figure 12 . Distribution of particles within r 200 . We show the particle distribution of two different halo samples, the first sample contains halos of 10 15 M ⊙ identified at z i = 0 (solid lines) and the second sample contains halos of 10 14 M ⊙ identified at z i = 1 (dashed lines). The solid grey line corresponds to a NFW density profile with concentration c = 4 and the vertical dashed line to the corresponding r −2 radius. The different colours indicate the redshift (zaccr) during which the particles were accreted onto the halos (note that the same colour corresponds to different redshift ranges for different z i ).
the systematic deviations from the NFW shape are generally smaller than 10% and the NFW concentrations only differ by 10 − 20% from Einasto fit and the velocity profile fit (as recently discussed by Macciò 2014 and Klypin et al. 2014) . We thus conclude that using the NFW profile to predict densities is not a major determinant in the model. Second, the model depends on the calibration of the relation ρcrit(z−2) − ρ (< r−2), which implies that halo formation is an 'inside out' process, where the central part of a dark matter halo (contained within r−2) forms first, and later accretion and mergers increase the mass and size of the halo without adding much material to its inner regions (Huss et al. 1999; Wang & White 2009 ).
Finally, in the calibration of the ρcrit(z−2) − ρ (< r−2) relation, we only consider relaxed halos. Fortunately, the selection conditions generally used to differentiate relaxed halos from unrelaxed (Neto et al. 2007 ) have been recently revisited by Klypin et al. (2014) . These conditions include the virial parameters (2K/|W | − 1, where K and W are the kinetic and potential energies), the offset parameter X off (distance between the potential minimum and the center of mass), and the spin parameter. In their work, Klypin et al. (2014) argued that the virial equilibrium condition is too simplistic and needs to include the effects of the surface pressure and external forces. They applied these corrections to the virial parameters and selected halos that had previously been rejected. As a result, they obtained an upturn in the high-mass end of the c − M relation and claimed that the large concentration of massive halos is due to their infall velocities, which are more radial and result in deeper penetration of infalling mass into the halo that reaches the inner parts. In this work we selected relaxed halos using only the condition that X off < 0.07 following Duffy et al. (2008) and Neto et al. (2007) , who found that this simple criterion resulted in the removal of the vast majority of unrelaxed haloes. We did not use any additional criteria and did not find any upturn at high halo masses, but concluded that the strong flattening of the c − M relation at high redshift is due to unrelaxed halos (Fig. 5) .
We cannot say we disagree with Klypin et al. (2014) regarding the relaxation conditions, because our simulations do not have sufficiently large box sizes to model a large sample of massive highly unrelaxed halos. We therefore investigate whether recently accreted particles are able to reach the inner parts of the halo, thus increasing M−2 and c, as claimed by Klypin et al. (2014) . This is important as it is in direct conflict with the assumption of 'halo formation' in our model.
We analyze the distribution of particles within r200, and differentiate the particles according to the period of time during which they were accreted. Fig. 12 shows the radial distribution of particles of two different halo samples. The first sample contains halos of 10
15 M⊙ identified at zi = 0 (which are formed at z−2 ≈ 1) and the second sample contains halos of 10 14 M⊙ identified at zi = 1 (formed at z−2 ≈ 2). We analyzed halos of different masses but focused on massive halos, because their large radial velocities makes them more likely to contain recently accreted particles in their inner regions, and they are located in the upturn in the c − M relation. Fig. 12 shows the NFW density profile (in grey solid line) and the r−2 radius (in vertical dashed line) for a concentration of c = 4. The figure also shows the distribution of particles at zi = 0 (solid coloured lines) and at zi = 1 (dashed coloured lines). The different colours indicate the redshift (zaccr) during which the particles were accreted onto the halos.
The blue lines show that recently accreted particles are distributed around r200 and that only a tiny fraction (< 2% of the total, in the two cases), reside in the inner parts of the halo. In the case of the distribution of particles at zi = 0, 2.5% of the total particles are in regions within r−2 after being accreted during zaccr = 0.25 − 0.5, and 4.5% during zaccr = 0.5 − 1. The same behavior is observed in halos of different masses identified at higher redshifts. We find that 8% of all particles accreted after the halo has formed are in the center, not enough to significantly alter the mass within r−2 so as to increase concentration. We conclude that the upturn in the c − M relation is not a result of large radial velocities of recently accreted particles, and find the halo formation assumption that the model relies on to be valid.
CONCLUSION
In this paper we have linked the concentration of a halo to its mass accretion history (MAH). We extended the analytic framework presented in Paper I to show that the halo mass historyM (z, M (zi), zi) of a halo with mass M (zi) at zi can be described bỹ
whereα andβ are parameters that depend on M (zi) and cosmology. We have compared the above formula to simulation outputs and the most recent empirical mass history model from the literature (van den Bosch et al. 2014 ) and found generally reasonable agreement. We presented a semi-analytic model for halo concentration as a function of halo mass and redshift that connects the analytic model for the MAH to halo concentrations through an empirical relation between concentration and formation redshift, obtained through fits to simulation data. The formation redshift definition of Ludlow et al. (2013 Ludlow et al. ( , 2014 , z−2, defined as the redshift at which the mass of the main progenitor equals the mass enclosed within the scale radius of the NFW density profile at z = zi, results in an inner halo structure that reflects the background density of the Universe at the time when the halo formed.
The resulting c − M relations were tested using Nbody simulations, and compared to the most recent empirical c − M relations from the literature (van den Bosch et al. 2014; Diemer & Kravtsov 2014; Dutton & Macciò 2014) . The 'upturn' at high masses seen by some studies (Diemer & Kravtsov 2014; Klypin et al. 2011; Prada et al. 2012; Dutton & Macciò 2014 ) is anti-hierarchical and is not reproduced by our physically derived model. We analyzed the c−M relations obtained from the numerical simulations, where we differentiated between relaxed and unrelaxed halos. We found that the upturn is due to the inclusion of unrelaxed halos, supporting the previous claim of Ludlow et al. (2012) . We applied our model to a large range of halo mass (log 10 M/ M⊙ = [−2, 16]) and redshift (z = 0 − 20), and provided best-fitting expressions for the c − M relations as well as numerical routines 5 . We caution the reader that baryonic processes will almost certainly increase the scatter in the c − M relation and will modify the inner density profile (e.g. Duffy et al. 2010; Governato et al. 2012; Teyssier et al. 2013; Schaller et al. 2014) .
Our model predicts a change in the slope of the c − M relation at z = 0−3 and a 'break' in the z = 0 c−M relation at a mass of ∼ 10 11 M⊙. We analyzed the evolution of concentration and found that it increases more rapidly during the dark energy era, when the accretion rates of dark matter halos decrease due to the accelerated expansion of the Universe. The break at a halo mass ∼ 10 11 M⊙ results from the scale-dependence of the rms of the linear density perturbation field, because density perturbations corresponding to halos larger than 10 11 M⊙ grow faster, those halos are less relaxed and have lower concentrations.
Finally, we addressed the impact of the c − M relation presented in this work on predictions for the dark matter annihilation signal. We calculated the DM annihilation rate from cosmic structures and compared the results obtained by extrapolating the Duffy et al. (2008) power-law fit (which is similar to other published fits to the results of simulations) to the c − M relation predicted by simulations to masses far below the resolution limit of the simulations used to fit the c − M relation. We found that the power from DM annihilation at z = 0 is 2 orders of magnitude lower than the power 
APPENDIX A: SIMULATIONS AND COSMOLOGY
In this work we use the set of cosmological dark matter only (DMONLY) simulatons from the OWLS project . The particle masses and gravitational softenings for each of these simulations are listed in Table A1. Table A2 lists the sets of cosmological parameters adopted in the different simulations. In this section we describe the numerical techniques used to compute merger trees.
A1 Numerical resolution and merger trees
The first step towards studying the mass assembly history of halos is to identify gravitationally bound structures and build halo merger trees. We begin by selecting the largest halo in each Friends-of-Friends (FoF) group (Davis et al. 1985 ; we use a linking length of 0.2) (i.e. the main subhalo of FoF groups that is not embedded inside larger halos). Halo virial masses and radii are determined using a spherical overdensity routine within the SUBFIND algorithm (Springel et al. 2001 ) centred on the main subhalo of FoF halos. Therefore, we define halo masses as all matter within the radius r200 for which the mean internal density is 200 times the critical density. We follow the accretion history of the largest halos in each FoF group. Subhalos, defined as bound structures that reside within the virial radius of the largest 'host' halo, show distinct mass histories. The structures of subhalos are strongly affected by the potential of their host halos, as seen for example in the cessation of mass accretion onto subhalos residing in dense environments (see or Lacerna & Padilla 2011 . Consequently, the masses of subhalos do not follow the mass history of their host halos.
The merger trees of the largest halos are then built as follows. First, at each output redshift (snapshot), we select halos that contain more than 300 dark matter particles. We refer to these halos as 'descendants'. We then link each descendant with a unique 'progenitor' at the previous output redshift. This is non-trivial due to halo fragmentation: subhalos of a progenitor halo may have descendants that reside in more than one halo. The fragmentation can be spurious or due to a physical unbinding event. To correct this, we link the descendant to the progenitor that contains the majority of the descendant's 25 most bound dark matter particles. Therefore, the main progenitor of a given dark matter halo is found by tracing backwards in time to the most massive halo along the main branch of its merger tree. The different mass histories are calculated by following the merger trees of a given sample of halos. At each redshift the mass histories are computed by calculating the median mass value, determined by bootstrap resampling the halos, from the merger tree. Along with the median value, the 1σ confidence interval is recorded.
Before analysing the merger trees from the simulations, we looked for a numerical resolution criterion under which mass histories converge numerically. We found that imposing a 300 dark matter particle limit leads to accurate numerical convergence. In a merger tree, when a progenitor halo contains less than 300 dark matter particles, it is considered unresolved and discarded from the analysis. As a result, the number of halos in the sample that contribute to the median value of the mass history decreases with increasing redshift. Removing unresolved halos from the merger tree can introduce a bias. When the number of halos that are discarded drops to more than 50% of the original sample, a spurious upturn in the median mass history occurs. To avoid this bias, the median mass history curve is only built up to the redshift at which less than 50% of the original number of halos contributes to the median mass value.
The halo mass history curves may depend on the size of the simulation volume, because the box size limits the maximum sizes of the structures that can form at each red- Figure B1 . Comparison between the c − M relations predicted by the model for halo concentration and the c − M relations obtained from the dark matter only simulations. The different symbols correspond to median values of concentration and the error bars to 1σ confidence limits. These were computed from the dark matter only simulations that assumed a WMAP3 (light blue), WMAP1 (purple), WMAP9 (orange) and Planck cosmology (green). The dashed lines are not fits, but predictions of the semi-analytic model for halo concentration described in Section 4.2. In the model we changed the best-fit parameter Acosmo for the values given in the text according to the cosmology.
shift. We find that we cannot model the mass history of a halo of mass larger than 10 13 M ⊙ (at z = 0) in a simulation with 50 h −1 Mpc on a side, or the MAH of a halo of 10 13.5 M ⊙ in a simulation of 100 h −1 Mpc. This mass upper limit corresponds to 10 5 mDM.
APPENDIX B: COSMOLOGY DEPENDENCE
The adopted cosmological parameters affect the halo mass accretion history so that the larger σ8 or Ωm, the earlier halos assemble. As the formation time increases with increasing σ8 or Ωm, so does concentration. Therefore in this section we analyze how the change in cosmology affects our concentration-mass relation model. Our c−M model described in Section 4 relies on the halo mass accretion history model, which we showed in Section 1 to be suitable for any cosmology. However, our semi-analytic model for halo concentration also relies on the formation redshift through the best-fit relation given by eq. (17), ρ (< r−2, zi) ρcrit(zi) = A × ρcrit(z−2) ρcrit(zi) ,
where A depends on cosmology (A = 887 for WMAP5). We investigate the cosmology dependence of A by following the analysis done in Section 4.1 and using the simulations with different cosmologies listed in Table A2 . We calculate the best-fit ρ (< r−2, zi) − ρcrit(z−2, zi) relation to obtain the parameter Acosmo, where cosmo is WMAP1, WMAP3, WMAP9 or Planck. We then calculate the c − M relation of those cosmologies following the model described in Section 4.2 and using the best-fit Acosmo. We conclude that AWMAP1 = 853, AWMAP3 = 850, AWMAP9 = 950 and A Planck = 880, are the best parameter values that reproduce the c − M relations. We show this in Fig. B1 where we compare the c − M model presented in this work with the c − M relations at z = 0 obtained from the dark matter only simulations. In Fig. B1 , the dashed lines correspond to the semi-analytic model for halo concentration, where we changed the best-fit parameter, Acosmo, so that is corresponds to the cosmology. The different symbols in the figure correspond to median values of concentration and the error bars to 1σ confidence limits. The dark matter only simulations have 100 h −1 Mpc on a side, 512 3 particles and assumed a WMAP3 (light blue symbols), WMAP1 (purple symbols), WMAP9 (orange symbols) and Planck cosmology (green symbols).
In Paper II we showed that the change in σ8 and Ωm between the WMAP1 and WMAP5 cosmologies drives the change in formation time (and in concentration). Therefore, we now look for a first order approximation to 'convert' A from WMAP5 to any other cosmology not listed in Table  A2 .
It is know that for a power-law spectrum, P (k) ∝ k n , the variance can be written as σ(k) 2 /σ 2 8 = (k/k8) n+3 , where the parameter σ8 sets the power at a mass scale of 8 h −1 Mpc and a wave number of k8. Therefore, we use the change in σ between WMAP5 and another cosmology for a given halo mass that corresponds to a wave number k to approximate the change in the A parameter δA = σ8,WMAP5 σ 8,othercosmo k k8
(n s,othercosmo −n s,WMAP5 )/2 ,
with k/k8 = (M/M8) −1/3 , and halo mass M8 = 2.12 × 10 14 M ⊙ (Ω m,othercosmo /Ωm,WMAP5). We then find that A othercosmo = AWMAP5 × δA = 887 × δA, with δA given by eq. (B1), gives close c−M relations for any adopted cosmological parameters. For example, AWMAP1 = 887 × 0.93 = 824.9. It is important to note that eq. (B1) can be used as a first approximation to calculate the c − M relation from the MAH for cosmologies not listed in Table  A2 . Also, that eq. (B1) is not an analytical derivation, we are simply assuming that δA ∝ f (σ8, Ωm, ns) due to the fact that dark matter halos assemble earlier in a universe with higher Ωm, higher σ8 and/or higher ns, and are thus more concentrated.
B1 Fitting functions for the c − M relation
In this Section we provide fitting functions for the c − M relation in the high-z and low-z regimes for Planck cosmology. The following expression is suitable for the low-redshift regime (z 4) and at all halo masses, 
APPENDIX C: ONLINE MATERIAL
The concentration-mass relation model presented in this work, as well as the halo mass accretion history model, are included in the code named 'commah' for COncentrationMass relation and Mass Accretion History, available at http://www.ph.unimelb.edu.au/∼correac/. The code is available in both the python and IDL languages. In this section we present a short overview of commah. commah is a routine that follows the analytic model described in Section 3 to calculate the MAH of a halo of mass M0 at z = 0 in any given redshift interval (e.g. M (z) between z = 0−10). Also, commah calculates halo concentrations following the semi-analytic model described in Section 4, and outputs the c−M relation at any given redshift. In addition, it also computes the dark matter accretion rate, the rms of the density field, peak height, and the integral of the NFW density profile (see eq. 23), suitable for DM annihilation calculations. commah calculates concentration solving eqs. (18) and (20) by performing a Levenberg-Marquardt method. As described in the previous section, commah is suitable for any cosmology.
